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The crystal structure of the open conformation of a bacterial
voltage-gated sodium channel pore from Magnetococcus sp.
(NaVMs) has provided the basis for a molecular dynamics study
deﬁning the channel’s full ion translocation pathway and conduc-
tance process, selectivity, electrophysiological characteristics, and
ion-binding sites. Microsecond molecular dynamics simulations per-
mitted a complete time-course characterization of the protein in
a membrane system, capturing the plethora of conductance
events and revealing a complex mixture of single and multi-
ion phenomena with decoupled rapid bidirectional water trans-
port. The simulations suggest speciﬁc localization sites for the so-
dium ions, which correspond with experimentally determined
electron density found in the selectivity ﬁlter of the crystal structure.
These studies have also allowed us to identify the ion conductance
mechanism and its relation to water movement for the NavMs chan-
nel pore and to make realistic predictions of its conductance proper-
ties. The calculated single-channel conductance and selectivity ratio
correspond closely with the electrophysiology measurements of
the NavMs channel expressed in HEK 293 cells. The ion transloca-
tion process seen in this voltage-gated sodium channel is clearly
different from that exhibited by members of the closely related
family of voltage-gated potassium channels and also differs con-
siderably from existing proposals for the conductance process in
sodium channels. These studies simulate sodium channel conductance
based on an experimentally determined structure of a sodium chan-
nel pore that has a completely open transmembrane pathway and
activation gate.
Voltage-gated cation channels are proteins that produce elec-trical signals in neurons and other excitable cells to regulate
muscle contraction, gene expression, and release of hormones and
neurotransmitters among other functions. In response to a change
in transmembrane electrical potential, the channels open pores
through which ions move passively across the membrane. The
large family of cation channels includes those selective for so-
dium, potassium, or calcium. The opening and closing of these
ion-speciﬁc channels is carefully choreographed to produce the
electrical signals required by the nervous system for rapid signal
transduction (1).
Voltage-gated sodium channels have been causally linked with
a wide range of neurological and cardiovascular diseases and
hence are important pharmaceutical drug-development targets
(2, 3). Eukaryotic voltage-gated sodium channels are large, single-
chain polypeptides, consisting of 24 transmembrane (TM) helices
that form four homologous repeats, each contributing both a
voltage sensor and a pore domain; the latter are arranged to form
a central Na+-selective transmembrane pathway. Bacterial voltage-
gated sodium channels are far simpler, consisting of four poly-
peptide chains, each of which is composed of six TM segments,
with segments TM1–TM4 forming the voltage sensors and
TM5–TM6 forming the pore domains. The TM5–TM6 segments
associate as a homotetramer to form a similar central Na+-
selective pore. The sodium channel from Bacillus halodurans
(NaChBac), the ﬁrst bacterial sodium channel to be identiﬁed,
has been well-characterized with respect to its conductance prop-
erties (4). Since then a large number of other members of the
prokaryotic voltage-gated sodium channel family have been iden-
tiﬁed and shown to be close sequence and structural homologs
(5, 6).
Several crystal structures of bacterial sodium channels have
been published recently (7–10); in these, the proteins are present
in different functional states. The ﬁrst structure had an activated
voltage sensor and a closed pore (7), and others were in poten-
tially inactivated states (8, 9), but none of these had open acti-
vation gates or a complete TM hydrophilic pathway that would
enable the ﬂow of ions between the cytoplasmic and extracellular
surfaces. However, the recent determination of the crystal struc-
ture of an open conformation (10) of a pore-only construct of a
sodium channel now enables examination and simulation of the
full process of ion passage across a sodium channel structure based
on an experimentally determined structure.
Results
Effects of Simulation Procedures on the Channel Structure. The struc-
ture of the bacterial NavMs channel pore in its open conformation
was inserted into a model preformed palmitoyloleoyl phosphati-
dylcholine (POPC) lipid bilayer (Fig. 1A) and subjected to mo-
lecular dynamics (MD) simulations. The starting pore structure
did not contain any water or ions; these were initially placed in
the bath surrounding the bilayer and rapidly migrated into and
through the pore during the simulations. Because in the absence
of harmonic restraints the pore rapidly closes at the cytoplasmic
gate (observed for both OPLS and CHARMM simulations),
harmonic restraints (1 kcal/mol/Å2) were applied to the α-carbon
atoms of the TM helices during the simulations to retain the open
conﬁguration in the absence of the voltage-sensing domain. Over
a typical 250-ns simulation period, while the positions of the back-
bone atoms of the protein, including the residues in the selectivity
ﬁlter (SF), remain close to their positions in the crystal structure,
the SF side chains broadly sample the rotameric space available
(Fig. 1B). At the end of the simulation, the protein conformation
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and the size and shape of the central pore have changed only
slightly (Fig. 1C).
Ion Permeation, Selectivity, and Conductance.MD simulations were
used to directly calculate the rate of ion permeation through the
NavMs channel (Fig. 2A). The simulations were conducted in
the presence of 0.5-M solutions of NaCl or KCl. A temperature
of 37° C was used in the simulations, not only for biological re-
levance, but also to speed up ion kinetics and to enable the capture
of more transition events on the 1- to 2-μs simulation timescale.
To drive ions through the channel (from the extracellular to the
intracellular compartments), different electric ﬁelds between 4 and
75 mV/nm were applied (Table S1), corresponding to trans-
membrane potentials of 39–665 mV. Fig. 2A shows the cumulative
translocations of Na+ and K+ through the pore at selected voltages.
These indicate that the channel is capable of conducting both
Na+ and K+, with a preference for Na+, as would be expected for
a sodium channel. The selectivity ratios (Table 1) were calcu-
lated from the current–voltage (I-V) curves for Na+ and K+ (Fig.
2B). The I-V curve for Na+ is linear; however, the K+ curve exhibits
an ∼70-mV lag, resulting in a two-phase curve. As a result, two
different selectivity ratios are calculated for the high and low
voltage ranges. At high voltages there is a modest (about three-
to sixfold) preference of Na+ over K+, whereas at lower applied
voltages the ratios are in the 11–18:1 range (the latter calculations
are more poorly converged due to few K+ conductance events
observed under these conditions, but represent a more physio-
logically relevant regime). The I-V curve (Fig. 2B) was used to
obtain the predicted conductance value of γNa = 40 ± 7 pS.
To compare NavMs ion permeability estimated from the MD
simulations to that measured in cells, patch-clamped HEK 293
cells were transfected with the full-length NavMs channel. As
inferred from the large current (3,592 ± 98 pA/pF in whole-cell
patch clamp), NavMs expression was robust. The voltage-dependent
properties of activation (Act. V1/2), inactivation (Inact. V1/2), and
the inactivation kinetics (τ Inact. V1/2) of NavMs were compared
with the bacterial sodium channel NaChBac (4) and the hu-
man neuronal sodium channel (hNav1.1) (Fig. S1 A–C and
Fig. 1. MD Simulations of NavMs. (A) System used for simulation: NavMs
(in green ribbons) embedded in a POPC lipid bilayer (in gray). Sodium ions are
red, chloride ions green, water molecules blue, and lipid head groups orange.
(B) Effects of simulations on the protein structure: Overlay of the conforma-
tional space sampled by NavMs during 250 ns of a 1-μs simulation. The
backbone Cα atoms of the transmembrane helices were weakly restrained to
retain the open conformation of the channel, whereas the SF was not re-
strained. (C) (Left) The accessibility of the internal cavity of the initial (crystal)
and ﬁnal (simulation) structures, Upper and Lower, respectively. (Right) Plots
showing the internal dimensions of the crystal and ﬁnal simulation structures.
Fig. 2. Sodium and potassium ion permeation parameters. (A) Cumulative
ion translocation over 1 μs at selected voltages. The calculations used 0.5 M
concentrations of NaCl and KCl. All curves show linear behavior for the
ion permeation events. (B) Calculated I-V curves for Na+ (red) and K+ (blue)
used for calculation of single-channel conductances. There is no voltage lag
for Na+, allowing for a simple linear ﬁt, but K+ has a 70-mV voltage lag and
is ﬁtted to the expression I = aΔV/[1 − exp(−bΔV)]; ΔV = V − V0 (41). Dashed
lines indicate the 60% conﬁdence interval, and error bars are from block
averaging over three blocks. (C) Sample whole-cell current traces from NavMs-
transfected HEK 293T cells elicited by depolarizing pulses from a −180-mV
holding potential. Currents were recorded from the same cell in the presence
of either 150 mM NaCl (black) or KCl (blue). The resulting current–voltage
relationship (Right) was normalized to the peak of Na+ current for each cell
(n = 9). The Nernst equation reversal potential for Na+ in these conditions
is 41 mV, which is close to the averaged measured values of 43 ± 1 in the
extracellular sodium condition. The expected reversal potential for K+ under
these conditions was 128 mV. (D, left) Sample single-channel events recor-
ded from inside-out patches where sodium is the charge carrier. Channel-
opening events were triggered by variable depolarizations from −180 mV.
The resulting event amplitudes are plotted (right) as a function of voltage,
and the conductance was estimated by ﬁtting the data to a linear re-
lationship (n = 4).
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Table S2). The NavMs voltage dependence of activation and
inactivation is >50 mV more hypopolarized than NaChBac and
hNaV1.1, indicating that the NavMs channel requires more en-
ergy in the form of a hypolarized membrane potential to stay
closed. NavMs enters the inactivation state 12× more slowly
than hNaV1.1 but 7× faster than NaChBac. Similar biophysical
properties were recently reported for the NavAb channel (8),
but use dependence of slow inactivation did not occur. NavMs is
selective for sodium over potassium ions (permeability ratio Na+/
K+ >24); no voltage-dependent inward current was observed
when K+ was substituted for Na+ in the extracellular saline
solution (Fig. 2C). To rule out anomalous Na+ blockade of the
potassium conductance, additional experiments used a very low
concentration (5 mM) of either sodium or potassium in the in-
tracellular saline solution (Fig. S1D). Again, no inward potas-
sium currents were observed. Single-channel events were then
recorded with a patch pipette ﬁlled with either sodium or potas-
sium. High-resistance seals (10–16 GΩ) were achieved and voltage-
dependent single-channel events were observed only when the
pipette contained Na+ (γNa = 33 pS) (Fig. 2D). Because the sim-
ulation was done under high Na+ conditions (500 mM) (to view as
many events as possible), currents were measured experimentally
in response to increasing extracellular Na+ ions to estimate the
concentration at which conductance saturates (Fig. S1E). An ex-
ponential ﬁt of these results indicates that the concentration limit
is 445 mM. Because the simulations and experiments were con-
ducted at different temperatures, an additional simulation was
done at 22 °C (corresponding to the experimental temperature)
to estimate the temperature effect on the single-channel con-
ductance. The calculated ﬂuxes differed (Table S1, lines 6 and 7)
by a factor of 0.84 (i.e., 31 vs. 37); hence it is expected that the
calculated single-channel conductance at the experimental tem-
perature would be 34 ± 6 pS, which is very close to the measured
value. We conclude that the NavMs channel is selective for so-
dium over potassium ions, as was seen in the simulation, and that
it has a single-channel conductance of ~33 pS, as indicated by both
experiment and simulation.
Identiﬁcation of Ion-Binding Sites. Ion-binding sites were identiﬁed
from the free-energy proﬁles developed from cumulative positions
in the 1 μs simulations (Fig. 3). Permeating Na+ can apparently
reside at ﬁve distinct binding sites in the region of the SF, desig-
nated S0–S4 (Fig. 4). Of these, S1 (called SiteHFS in ref. 7) is the
dominant site (based on number density calculations, Fig. 4E); at
S1, the ion is directly coordinated with the carboxylate group of
one of the Glu53 residues in the SF. As a consequence, the S1 site
is asymmetrically disposed along the pore direction (Fig. 4A and
Fig. S2A), whereas the sites farther down (S2–S4) are aligned on
the axis of the SF. The simulations also suggest the presence of
a minor external site, S0, at the vestibule of the SF. This short-
lived (τ < 5 ns) site is also asymmetric and loosely coordinates
Na+ with the Ser54 and Met57 side chains. As suggested previously
(7, 10, 11), Na+ is coordinated at S1 by the Glu53 carboxylate and
Ser54 hydroxyl groups and two water molecules while forming hy-
drogen bonds to two other Glu53 side chains. In marked contrast
to K+ in potassium channels, the sodium ions in this channel are
hydrated to some extent at all sites in the NavMs SF. Ion co-
ordination numbers, deﬁned as the number of oxygen atoms within
the ﬁrst solvation shell (3.1 Å for Na+, 3.4 Å for K+), are shown
in Fig. S2B. Both Na+ and K+ are hexa-coordinated throughout
(mostly by water molecules); only at S1 (and to a minor extent at
S3) do pore residues replace water molecules in the coordination.
When a sodium ion translocates from site S1, it frequently stops
at site S2, which is ∼3 Å below S1. S2 is only weakly populated and
short lived (<0.1–5 ns). There the sodium ion is fully hydrated by
water molecules hydrogen-bonded to the carboxylate groups of
Glu53 and the backbone carbonyls of Leu52. Similarly, an entire
hydration shell surrounds the ions in the subsequent closely spaced
positions S3 and S4 [called SiteCEN and SiteIN, respectively, in the
NavAb closed structure (7)]. These positions are unlikely to be
occupied at the same time due to the overlapping spreads of
their distributions (Fig. 4E). These sites are located at the lower
end of the SF; the surrounding water molecules are hydrogen-
bonded to the carbonyl oxygens of Leu52 (at S3) and Thr51 (at S4).
After detaching from S4, the ions explore the cavity for a signif-
icant time (∼1–30 ns) during which they can also rebind to S3/S4.
Ultimately, they leave through the open gate.
Interestingly, the crystal structure electron density map (10)
and the MD-deﬁned sites correlate very well to sites S2 and
S3/S4 (Fig. 4F); however, no density was seen corresponding
to S1. This may be because S1 is the only degenerate off-center
site, due to the four equivalent Glu residues, and steric constraints
mean only one of these can be bound at any one time, which
would result in low occupancy at each of the individual sites. In the
crystal structure, the density seen was not conclusively assigned as
being sodium ions due to the resolution of the data, but it was
noted that the sites were likely to be Na+ (rather than water
molecules) due to their scattering density being of the correct
magnitude for sodium ions, because the Rfactor decreased on



















































Fig. 3. Ion permeation proﬁles for sodium and potassium. (A) Free-energy
proﬁle (Left) constructed from the total Na+ positions (Right) sampled during
a 1 μs simulation (4,000 frames spaced 0.25 ns apart), showing the free-
energy barriers and minima (corresponding to the sites S0–S4). (B) Free-
energy proﬁle (Left) constructed from the K+ positions (Right) sampled
during a 1 μs simulation The high free-energy barrier for potassium is clearly
visible as a population gap in the SF between S1 and S3. Because many con-
ductance events require more than one ion, these are multi-ion free-energy
proﬁles.
Table 1. Selectivity calculated as a function of applied voltage
VTM* (mV) ETM* (mV/nm) INa
† (pA) IK
† (pA) Selectivity (INa/IK)
498 55.9 24.7 9.7 2.5
410 46.0 16.9 4.8 3.5
332 37.3 11.9 2.1 5.6
166 18.6 5.9 0.33 18
100 11.3 2.8 0.25 11
*Applied voltage and electric ﬁeld.
†Calculated Na+ and K+ currents.


































requirement of the crystallization conditions for sodium salts (10).
In contrast, no ordered density (either for ions or water) was
found in the SF of the closed NavAb X-ray structure (7). The
colocalization of the experimental electron density in the open
state with the computed sodium sites strengthens the cases
for both the identity of the experimental density and the sim-
ulation results.
Potassium ion conductance through the channel is markedly
different from that of sodium ions (Fig. S3). Site S2 does not
appear to be occupied, and sites S3 and S4 are more diffuse.
Potassium ions appear to halt at S1, with a large barrier preventing
further translocation.
Ion Flux.Although single Na+ passage through NavMs is observed
in the simulations (Fig. S2 and Movies S1–S5), there is typically
more than one ion in the channel at any given time (Fig. S4A),
with an overall time-average number (Ntotal) of ∼1.8 Na+, which
is independent of the applied voltage (Table S2). The channel is
never observed to be empty in 0.5 M NaCl (Fig. S3E). Two Na+
occupy the pore for ∼70% of the time, with one at site S0/S1 and
another at site S2/S3/S4. For the other half of the time, there is
only one ion either at S0/S1 (3%) or at S2/S3/S4 (26%) (Fig. 4D).
In contrast, passage of K+ requires two ions at S1 (Fig. S4B and
Table S3); this appears to be the rate-limiting step, explaining
the lower conductance of K+. Whereas the occupancy distribu-
tion of K+ is very different from Na+, Ntotal for K
+ is also ∼1.8.
The dwell time (Δt) of Na+ in the channel (Table S4) depends
greatly on the applied voltage, as expected. At 166 mV, its dwell
time in the channel is 40 ns. The mean time between consecutive
permeation events (Δt′ = Nconducted/simulation time) is 24 ns at
166 mV, which is shorter than the dwell time. The ratio Δt/Δt′ =
1.7 is constant for all voltages (except at the lower voltages that
are poorly converged). This ratio is equal toNtotal when there are no
instances where an ion binds the SF but does not transit the pore.
This is essentially the case for Na+, but not for K+, where Δt/Δt′ is
voltage-dependent (Tables S3 and S4); this means that there are
numerous unsuccessful K+ transit attempts and that K+ conduc-
tion is slower than Na+ conduction through NavMs channels. This
can be compared with K+ conductance through potassium
channels, where a constant Δt/Δt′ = 2.4 was reported (12);
hence, on average more potassium ions are in the potassium
channel SF alone than there are sodium ions in the entire
NavMs channel at any given time.
Water Transport.Although no water molecules were placed inside
the channel initially, during the simulation water molecules
sampled all parts of the pore (Fig. S2D). The water conductance
rate is calculated to be ∼3 × 109 s−1 and is equal in both direc-
tions (Fig. S2C), resulting in a zero net water transport through the
channel, except at the largest applied voltage, where ionic drag
results in a slight net transport of water molecules in the direction
of sodium ﬂux. Only water molecules that traversed the entire
length of the channel were considered in this analysis. The zero net
transport is a result of the balance of two large and opposing water
ﬂuxes of equal magnitude. Interestingly, the magnitude of the bi-
directional water ﬂux is not correlated with the ion ﬂux rates, the
latter of which are strongly dependent on the applied voltage (Fig.
2A). Furthermore, the magnitude of the ﬂux is similar in the sim-
ulations with sodium and potassium ions, indicating that water ﬂux
is independent of ionic ﬂux. This is in contrast to potassium chan-
nels, where water and ion transport are strongly coupled (13, 14).
Occupancy of the Fenestrations. Of particular interest was the nature
of the contents of the channel fenestrations during the simula-
tions. The fenestrations, which are openings in the sides of the
TM regions of the protein that have been proposed to be entry
portals for hydrophobic molecules such as ligands and drugs (7, 10),
were initially empty. During the simulations these sites rapidly ﬁlled
with one or more phospholipid fatty acid chains from the bilayer
lipids (Fig. 5A). Only lipids from the cytoplasmic bilayer leaﬂet (the
one in which the central cavity is located) entered the fenestrations
(Fig. 5B and Fig. S5). Lipid tails enter and exit the fenestrations
many times over the course of a simulation, and there is a fre-
quent exchange of these lipids with bulk lipids, suggesting that,
although there is access, there is no strong binding site for the
lipid tails in the fenestration. The fatty acid chains that breached
the fenestrations were found to enter deeply into the channel cavity.
In several instances, both fatty acid chains of a single lipid entered
a fenestration. However, no blocking of the channel conductance
pathway by the lipid chains was observed over the duration of
the simulations.
Fig. 4. Ion-binding sites in the selectivity ﬁlter. (A) Five Na+-binding sites,
labeled S0–S4, were identiﬁed in the equilibrium simulations. These sites
were identical for all simulations, irrespective of applied voltage. S0 is at
the vestibule of the SF, contacting Ser54 and Met57 side chains; S1 (corre-
sponding to the site designated “HFS” in ref. 7) is the only site within the
SF that is off the symmetry axis of the channel due to strong contact of the
ion with one Glu53; S2 is a minor site just beyond the contact distance of
the Glu side chains; S3 (corresponding to site “CEN” in ref. 7) and S4 (cor-
responding to site “IN” in ref. 7) are at the height of Leu52 and Thr51
backbone carbonyls, respectively. S0, S2, S3, and S4 are stabilized by full
water-hydration shells. S1 has a partial water hydration shell. (B) Repre-
sentative positions of individual permeating Na+ (varying colors) along the
membrane normal (x axis) versus simulation time (ﬁrst 300 ns, 332 mV). (C)
Multi-ion number density histogram over the entire simulation showing
the ﬁve ion-binding sites. Ions enter the SF either directly or loiter at the
external site S0 before being stopped at site S1. The ions then move to the
lower end of the SF at S3 and S4. Some ions also call transiently at the in-
termediate site S2, but S1 and S2 are never populated at the same time due
to their proximity. Once leaving S3/S4, the ions extensively explore the cavity
and can rebind to S3/S4 before ultimately leaving through the open gate.
(D) Total number of ions in the SF versus time. There are typically one to two
ions in the SF at any given time. (E) Average occupancy of the SF throughout
the simulations. Most commonly (∼70%), there are two ions, one at S0–S1
and another at S2–S4. At 0.5 M NaCl, the channel is never observed to be
empty. (F ) Overlay of the calculated ion positions and the experimental
(crystallographic) electron density map. The calculated atom positions (S0–S4)
are indicated as red Xs. The 2Fo-Fc electron density map (no ions were included
in the map calculation, contoured at 1.5σ) is colored in blue, and the Fo-Fc
omit map (contoured at 3σ) is colored in green. The electron density matches
the S2 and S3/S4 sites seen in the simulations.
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Discussion
Voltage-gated ion channels exhibit different ion selectivities and
functional properties based on the nature of their SFs. In homo-
tetrameric potassium channels, each of the four monomers con-
tributes to the binding of a dehydrated K+ through their main
chain carbonyls (15). In contrast, the SFs of bacterial sodium
channels are produced by side chains that have the consensus
sequence TLESWS (Fig. S6), with the principal binding site in
the extended SF expected to be produced by one glutamate side
chain contributed by each of the monomers. The carbonyl oxygen
atoms of a threonine residue on the intracellular side of the ﬁlter
were also hypothesized to interact through hydrogen bonds with
water molecules from the hydration shell of a Na+ (7). The present
MD study using the open pore structure provides evidence for
new binding sites within the extended SF and for the dynamics
of occupation of these sites during the process of ion trans-
location. Furthermore, although no ions or water molecules were
visible in the SF of the crystal structure of the closed confor-
mation of the NavAb channel (7), the crystal structure of the
open conformation of the NavMs pore (10) exhibited electron
density at multiple sites in the center of the SF. The corre-
spondence between the positions of the MD-calculated sites
described here and the experimental electron density supports its
identiﬁcation as arising from sodium ions.
The long time simulations in this study demonstrated that the
mechanism of conductance through the NavMs channel pore
differs greatly from the mechanism used by potassium channels.
In NavMs, the sodium ions are always hydrated to some extent
and can even be accommodated next to each other in the SF, a
situation very different from potassium channels where dehydrated
potassium ions go through the SF in a single-ﬁle manner. Although
single Na+ transport is observed in NavMs, heterogeneous multiple
ion occupancy of the channel is a frequent occurrence, with an
average of 1.8 Na+ in the channel at any time. Although single ion/
multisite models had previously been suggested based on unidi-
rectional ﬂux measurements of Na channels (16–19), the multi-ion
occupancies observed in the present simulations agree with both
the experimentally observed nonindependence of ion movement
(18) and the proposals based on recent Brownian dynamics
simulations of simpliﬁed sodium channel models (20).
The present MD simulations also clearly demonstrate that
water ﬂux through the channel is not correlated with ion ﬂux
and that there is no systematic net water transport. This, too, is in
contrast to potassium channels, where the rate of ionic ﬂux limits
the maximum water ﬂux through the channel (12, 21). The key
difference is that the SF of the sodium channel is much wider
than that of the potassium channel. NavMs can accommodate at
least four water molecules simultaneously at any position along
the ﬁlter, even at the most narrow regions, whereas potassium
channels constrain ionic and water ﬂux to a single-ﬁle arrangement
in the ﬁlter. The average dwell time of a water molecule in the
sodium channel is two orders of magnitude lower than that of a
sodium ion, conﬁrming that ionic conductance and water ﬂow are
not coupled as they are in potassium channels. This differs from
previous molecular dynamics simulations based on the closed
NavAb channel, where exchange of water molecules between
the bulk and cavity through the SF did not dislodge sodium ions
resting in sites S1 and S3 (22).
The origin of sodium channel selectivity was previously in-
vestigated by MD (22) and computational potential of mean force
(PMF) studies (11, 23) using the closed NavAb crystal structure (7);
those studies suggested that differing water structures at S1 were
responsible for selectivity. The use of unbiased MD simulations
(as performed here) has the advantage that the free-energy pro-
ﬁles derive directly from the calculated multi-ion occupancy of
the channel (i.e., they are multi-ion PMFs). In this case, conver-
gence was excellent, as was seen by the negligible dependence
on the applied voltage. The main barrier, between site S1 and
S3, is 2 kcal/mol for Na+, resulting in a value for the ΔΔGbarrier
of 3.5 kcal/mol.
Because of the use of an open channel structure and the long
time simulations (which permitted observation of complete ion
translocation events), it was possible to quantitatively determine
conductance parameters and make direct comparisons of experi-
mental and calculated electrophysiological values for a bacterial
sodium channel. Previous experimental determinations of bacte-
rial sodium channel selectivities for NaChBac and homologs have
reported Na:K ratios of between 5:1 and 171:1 (7, 24). In this
study, the experimental selectivity ratio of NavMs was shown to
be between these values (24:1). The calculated selectivity ratios
derived from the MD studies of NavMs (∼11–18:1 for V < 170 mV)
were a close match to this experimental value. Single-channel
conductance data are also available for several of the bacterial
sodium channel homologs: NaChBac has reported conductances
ranging widely from ∼12 (4) to ∼120 pS (25), depending on the
method used; the estimated conductance of the NavSp homolog
is ∼30 pS (24) and for NavAb is 37 pS (7). In this study, the
experimental NavMs conductance for sodium was estimated to
be ∼33 pS, very close to the computed conductance at this tem-
perature of ∼34 pS. Hence, these correlations are a strong in-
dication that the simulations reported here not only have provided
information on the dynamics and mechanism of ion translocation
through a sodium channel, but also could accurately reproduce
quantitative experimental values for the channel.
Finally, our simulations showed that lipid tails can spontane-
ously enter the channel fenestrations, but have no speciﬁc strong
binding sites. Hence they provide dynamic evidence to support
the proposals (7, 10) that small hydrophobic molecules such
as drugs could enter through the fenestrations and reach their
binding sites deep inside the pore by this mechanism.
In summary, long time simulations based on the crystal struc-
ture of the open form of a bacterial sodium channel pore have
been compared with experimental electrophysiological mea-
surements on the NavMs channel and have provided signiﬁ-
cant insight into the processes, dynamics, and structural fea-
tures associated with ion conduction and ion selectivity in
sodium channels.
Methods
Molecular Dynamics Simulations. The symmetric tetramer model of the open
conformation of the NavMs pore from Magnetococcus sp. (strain MC-1)
(10), derived from the crystal structure [Protein Data Bank (PDB) code 4F4L],
was used for the protein structure. The model included residues 8–94
(numbering based on the NavMs pore in the PDB ﬁle), encompassing the
TM5 and TM6 helices and the intervening P1, P2, and SF regions (Fig. S6).
No crystallographic waters were included in the structure used for the MD
simulations. Ionizable residues were set to their charge conﬁguration at
neutral pH in aqueous solution, except Glu53, which was simulated in two
Fig. 5. Occupancy of the fenestrations. (A) The fenestrations that were
initially empty rapidly ﬁlled with the lipid fatty acid chains. The conforma-
tional space sampled by lipids (tails in gray, head groups in red) viewed from
the cytoplasmic surface shows that they entered the cavity over the course
of the simulation. Each fenestration is occupied by at least one lipid tail for
90% of the time. Nevertheless, there is frequent exchange of lipids in the
fenestrations with the bulk bilayer. (B) Image in A rotated 90° showing that
only lipids from the cytoplasmic bilayer leaﬂet enter the fenestrations.


































different protonation states (Table S1) (one where all were charged and one
where only two were protonated). The protein was inserted into preformed
atomic detail POPC lipid bilayers (composed of 204 lipid molecules) in the
presence of 0.1–0.5 M salt solutions and equilibrated for 20 ns. There was
a mismatch of 12 in the number of lipids present in the two leaﬂets (due to
the shape of the protein). Before production runs, each system was equili-
brated for 100 ns in the NPT (constant number, pressure, and temperature)
ensemble, with strong harmonic restraints placed on the protein backbone.
Molecular dynamics simulations were performed using the Anton machine
at the Pittsburgh Supercomputing Center with CHARMM27 protein (26) and
CHARMM36 lipid force ﬁelds (27) and TIP3P water models (28). Ion parameters
were taken from ref. 29. Initial conﬁgurations for the Anton runs were
created using DESMOND software (30). Additional simulations were per-
formed with GROMACS 4.5 (31) and hippo beta (www.biowerkzeug.com)
software with the OPLS all-atom protein force ﬁeld (32) and TIP3P water
model. OPLS united-atom lipid parameters were used (33). For all simulations,
electrostatic interactions were computed using particle mesh Ewald electro-
static treatment. A cutoff of 10 Å was used for van der Waals interactions.
Bonds involving hydrogen atoms were restrained using LINCS (34). The in-
tegration time step was 2 fs, and neighbor lists were updated every ﬁve
steps. Water, lipids, and the protein were each coupled separately to a heat
bath with a time constant of τT = 0.1 ps using weak temperature coupling
(35). Atmospheric pressure of 1 bar was maintained using weak semi-
isotropic pressure coupling with compressibility κz = κxy = 4.6 × 10−5 bar–1
and time constant τP = 1 ps (36). Homogeneous external electric ﬁelds Ez
were applied in the z-direction (membrane normal), the corresponding trans-
membrane voltage was calculated via V = Ez × Lz with Lz equal to the time
average of the box dimension in the z-direction (89.1 Å) (37), and
the electrostatic potential (Fig. S7) was veriﬁed using Poisson’s equation.
The components and characteristics of each of the simulations undertaken
and the results from each are listed in Table S1.
Structures were displayed using VMD software (38), electron density maps
were displayed in COOT (39), and calculations of the accessible area in the
pore were done using Pore Walker software (40).
Electrophysiology. HEK 293T cells were transiently transfected with full-
length NavMs, seeded onto glass coverslips, and placed in a perfusion
chamber for experiments where extracellular conditions could be altered. For
whole-cell experiments, the extracellular solution contained (in mM) NaCl or
KCl (150), CaCl2 (1.8), MgCl2 (1), and Hepes (10) (pH 7.4). The in-
tracellular (pipette) solution contained (in mM) CsF (110), NaCl (30), Hepes
(10), EGTA (5), MgCl2 (2), KCl (1) (pH 7.5) except for those in experiments
in Fig. S1D where either NaCl or KCl (5 mM) was used with CsF (130
mM). Data were analyzed by Igor Pro-6.00 (Wavemetrics). Residual leak
(> −100 pA) and capacitance were subtracted using a standard P/4 pro-
tocol. Current–voltage relationships were ﬁt with (V − Vrev)/{1 + exp[(V −
V1/2)/k], where Vrev is the extrapolated reversal potential. Experimental
conditions were the same for inside-out patches except the pipette and
bath saline were switched. The equation for the exponential ﬁts used in
Fig. S1A was: f(x) = B + Aexp[(1/τ)x], where τ is the half-time constant or half
concentration of sodium, and x is the time or concentration of sodium. The
PNa/PK permeablity ratios where PNa and PK are the sodium and potassium
permeabilities, respectively, were calculated by the equation ΔErev = (RT/zF)
ln PNa [ion]/PK [ion], where R is the universal gas constant (8.314 J·K
−1/mol−1),
T is the temperature (K = 295°), F is Faraday’s constant (96,485 C·mol−1),
and z = 1e−.
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